The problem of the manipulator tracking control is not trivial because the manipulator is a nonlinear object, whose parameters may be unknown and variable. The control law should enable the manipulator to behave correctly even when operational conditions are changeable. The adaptive control system meets this requirement. In this paper, both kinematic and dynamic equations of motion for the Scorbot-ER 4pc are presented. The adaptive control algorithm was derived for this manipulator. The presented control and adaptive laws guarantee practical Lyapunov stability. The results of verification of theoretical investigations are presented. Experiments were carried out on a work station which consists of the Scorbot-ER 4pc robotic manipulator, a computer with Matlab and dSPACE ControlDesk software and a DS1006 digital signal processing board. In the experiments, the specified point of the manipulator has moved on a desired circular path and the gripper of the manipulator was loaded in variable ways. The operation of adaptive control system was compared with the computed moment method. From the result of the comparison we can see that, in practice, the adaptive control gives better results.
Introduction
Robotic manipulators are devices which find different applications in many domains of the economy, for example in industry. The requirements in relation to precision and autonomy of manipulators are increasing as well as the tasks performed by them are more and more complex. The control of such complex systems is very problematic. Manipulators are objects with nonlinear dynamics, often with unknown and variable parameters which operate in changeable conditions. A change in operating conditions may result from the variation of mass and the mass moment of inertia of the objects which are carried by the gripper. The control system has to generate such control signals that will guarantee the 502 P. Gierlak execution of movement along a path with desired precision in spite of the operating conditions.
In the control systems of contemporary industrial manipulators the computed torque method [1] [2] [3] for nonlinearity compensation is used. However, these approaches require precise knowledge about mathematical models of the control objects, such as the mathematical structure of motion equations with coefficients connected with geometry, mass, mass moment of inertia of links. Determining friction coefficients in kinematic pairs is especially difficult. Moreover, in such an approach, parameters in the compensator have nominal values so the control system acts without taking into account the changeable operating conditions.
In connection with the present difficulties, adaptive control techniques [1] [2] [3] [4] [5] [6] [7] were developed. These methods require a structure of mathematical models of the control objects but no parameters are needed.
Description of the Scorbot-ER 4pc robotic manipulator
The Scorbot-ER 4pc robotic manipulator is shown in fig. 1a . The manipulator has rotational kinematic pairs. It is driven by direct-current motors with gears and encoders, which allow to determine angular velocities and the angles of rotation of links. The manipulator arm has 3 degrees of freedom (DOF) whereas the gripper has 2 DOF. In this paper we modeled the gripper as discrete mass located at the end of the last link of the arm (point C -see fig. 1b ). In the remainder of the paper we will consider only 3 DOF of the arm. Theposition and velocity of the point C in the Cartesian coordinate system is expressed in the following way:
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where: x C , y C , z C -coordinates of point C, v Cx , v Cy , v Cz -projections of velocity of point C, e, l j -geometrical parameters (j = 1, 2, 3), s j = sinq j , c j = cosq j -translation matrix of a i distance along axis x, j q & -the angular velocity of j-th links.
In a practical task, the desired path and velocity of point C in a workspace is defined, the projections of velocity may be calculated. Then, based on the eq. (2), a desired trajectory in a joint space may be determined, by solving the inverse kinematics problem. The dynamics of the Scorbot-ER 4pc manipulator can be expressed in the Lagrange form [1, 3, 9] :
where: q -a vector of generalized coordinates (angles of rotation of links), The mathematical model holds standard properties of revolute rigid manipulator dynamics [1] . Matrixes in the eq. (3) have the following form [9] 
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where: m j -a mass of j-th link, m C -a mass of a gripper, l j -the length of j-th link, l Cj -the distance between the center of mass of j-th link and joint j -1, e -an eccentric of the second joint, I jxx , I jyy , I jzz -are mass moments of inertia of j-th link with respect to x j , y j , z j axis, respectively, f j -a coefficient of viscous friction in j-th kinematic pair, κ j -a moment of dry friction in j-th kinematic pair.
Adaptive tracking control
Assumed that the desired trajectory of the manipulator motion in the joint space is known. The desired trajectory Q d consists of generalized coordinates
and the first and second time derivatives,
The tracking control is defined in such a way, that for the desired trajectory the tracking error is introduced [1] [2] [3] [5] [6] [7] :
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The purpose of the control system is the realisation of such control signal u, which will minimise the tracking error and will cause that q(t) will follows the q d (t). Defined a filtered tracking error s and an auxiliary signal v as:
where Λ -a diagonal positive definite design matrix.
The dynamics of the manipulator (eq. (3)) can be rewritten in terms of the filtered tracking error as:
where f is a nonlinear manipulator function, which may be written in the linear parametric form as:
where ( )
In standard use, in robotics it is a proportional-plus-derivative (PD) control law with nonlinearity compensation, given by the equation:
, ,
where term:
has a mathematical structure like a PD controller, and the term
approximates nonlinear function f. In control law (12) estimation ‫ܘ‬ ෝ of a real vector p is used, because the real vector of parameters is unknown. The closedloop system becomes:
where an estimation error is given by the equation:
A scheme of closed-loop system is presented in fig. 2 . In order to derive adaptation law of the parameters, the Lyapunov stability theory is applied. We assumed the positive definite Lyapunov function candidate, which is a quadratic form of the filtered tracking error and the parameter estimation error [2] :
where: p Γ -a regression matrix.
Time derivative of L is: 
Defining an adaptive law as [10] :
where k > 0, and taking into account, that the vector of the real parameters satisfies the constraint:
we may write ‫ܮ‬ ሶ as:
Because inequality:
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is true, so ‫ܮ‬ ሶ satisfies the condition:
where K Dmin -is the minimum singular value of K D .
This result means, that the time derivative of the function L along the solutions of the eq. (14) is negative outside a compact set. The adaptive law (19) guarantees that estimates of parameters will be bounded without persistency of the excitation condition. According to a standard Lyapunov theorem extension [10] , both s and p % are uniformly ultimately bounded.
Experimental results
In order to confirm the behaviour of the proposed adaptive control system, an experiment was performed. The workstation consists of the Scorbot-ER 4pc robotic manipulator, PC computer with Matlab and dSPACE ControlDesk software, and DS1006 digital signal processing board.
In the experiment, the point C of the manipulator has moved on a desired circular path ( fig. 3a) , defined in the following way:
where: x O = 0.36 m, y O = 0 m -coordinates of the center of the circle.
Desired velocity of the point C ( fig. 3b) is given by the equation: The desired trajectory in a joint space was obtained by solving the inverse kinematics problem for the desired path and velocity. This trajectory is shown in fig. 4 . During the experiment, the gripper of the manipulator (point C) was loaded in the following way: for time t < 30 s the gripper was loaded by an additional mass, which was equal to 0.75 kg, and for t ≥ 30 s the additional mass was increased to 2.5 kg. Design parameters in the control system were assumed as follows: fig. 5 .
At the beginning of the experiment, signals generated by compensator ( fig.  5c ) were not accurate, because the initial parameter estimates were set to zero, and the signals generated by the PD controller ( fig. 5b ) take an important part in the total control signals ( fig. 5a) . Then, the influence of PD signals decreases during the experiment, because the parameter estimates adaptation.
In the initial movement phase (about 8 s), tracking errors of joint angles ( fig. 6a ) and tracking errors of angular velocities ( fig. 6b ) have the highest values. Afterwards they are decreased during the adaptation of parameter estimates. After 30 s of the experiment, tracking errors temporarily increased. It is caused by the change of the gripper load. Then, tracking errors are reduced during adaptation of control system to the new working conditions. In figure 7 . estimated characteristics of parameters are shown. They were set to zero in the initialization process, and adapted during the movement of the manipulator. After 30 s, values of parameters estimates change, which is caused by change of working conditions. In figure 8. real path (fig. 8a ) and velocity of point C ( fig. 8b ) are shown.
In the initial movement phase, the real path and velocity of point C differs from the desired, later they near the desired path and velocity.
In the second experiment we set up non-zero values of parameter estimates -we used final values from the first experiment. In this case, the compensator generated adequate signals even in the initial movement phase, and tracking errors ( fig. 9 .) were smaller than in the first experiment. In the workspace, precision of movement was also higher, so the real path and velocity ( fig. 10.) were close to the desired path and velocity of point C, even in initial phase of experiment. 
Conclusions
For numerical evaluation of the adaptive control system quality, we used a root mean square of tracking errors (tab. 1.), defined as: where: k -an index of sample, n -a number of sample. The tracking control of the manipulator is problematic because of the nonlinearities. The most commonly usedtorque computing method requires a precise a) b)
Adaptive control of the Scorbot-ER 4PC manipulator 515 knowledge about the mathematical model structure of the control object and also the values of the parameters. In practical applications , while parameters of an object may change, this approach is ineffective. In this case, the adaptive control system, with pre-adapted parameters ensures better quality of tracking control. In both algorithms, the structure of the mathematical model must be known.
